Introduction
In tissues separated by blood barriers such as the testis and the retina, where professional circulating phagocytes cannot infiltrate, phagocytosis is performed by resident cells of epithelial origin. 1 Because of their non-hematopoietic lineage, resident cells of epithelial origin that enable the clearance of apoptotic substrates Homeostatic phagocytosis in seminiferous tubules of the testis varies as a function of seminiferous epithelium cycle, reaching its maximum at the stage of spermiation, when germ cells enter Phagocytosis and autophagy are typically dedicated to degradation of substrates of extrinsic and intrinsic origins respectively. Although overlaps between phagocytosis and autophagy were reported, the use of autophagy for ingested substrate degradation by nonprofessional phagocytes has not been described. Blood-separated tissues use their tissuespecific nonprofessional phagocytes for homeostatic phagocytosis. in the testis, sertoli cells phagocytose spermatid residual bodies produced during germ cell differentiation. in the retina, pigmented epithelium phagocytoses shed photoreceptor tips produced during photoreceptor renewal. spermatid residual bodies and shed photoreceptor tips are phosphatidylserine-exposing substrates. Activation of the tyrosine kinase receptor MeRTK, which is implicated in phagocytosis of phosphatidylserine-exposing substrates, is a common feature of sertoli and retinal pigmented epithelial cell phagocytosis. The major aim of our study was to investigate to what extent phagocytosis by sertoli cells may be tissue specific. We analyzed in sertoli cell cultures that were exposed to either spermatid residual bodies (legitimate substrates) or retina photoreceptor outer segments (illegitimate substrates) the course of the main phagocytosis stages. We show that whereas substrate binding and ingestion stages occur similarly for legitimate or illegitimate substrates, the degradation of illegitimate but not of legitimate substrates triggers autophagy as evidenced by the formation of doublemembrane wrapping, MAP1Lc3A-ii/Lc3-ii clustering, sQsTM1/p62 degradation, and by marked changes in ATG5, ATG9 and BecN1/Beclin 1 protein expression profiles. The recruitment by nonprofessional phagocytes of autophagy for the degradation of ingested cell-derived substrates is a novel feature that may be of major importance for fundamentals of both apoptotic substrate clearance and tissue homeostasis.
invading bacteria, [26] [27] [28] and that phagosome and autophagosome protein profiles present some similarities. 29 To our knowledge, the implication of autophagy in the degradation of cell-derived ingested substrates by nonprofessional phagocytes has not been described to date.
In both phagocytosis and autophagy, the degradation step occurs after fusion of membrane-wrapped substrates with lysosomes. 24, 25 Unlike phagosomes, which are formed after closure of plasma membrane around ingested particles, autophagosomes are double-membrane organelles, formed by enclosing cytoplasm portions within phagophores. 24, 25 Following maturation, autophagosomes change into single-membrane limited autolysosomes, carrying out the breakdown of sequestered contents. 24 MAP1LC3A-II/LC3-II protein is a molecular marker of autophagic vacuoles. 24 During autophagy, the cytoplasmic form of MAP1LC3A (MAP1LC3A-I) is processed and recruited to autophagosomes, where MAP1LC3A-II is generated by sitespecific proteolysis and lipidation. 24 Besides double-membrane vacuole formation and MAP1LC3A-II protein recruitment to autophagosomes, changes in the expression level of specific autophagy-related proteins such as BECN1/Beclin 1, ATG5, ATG9, which play an important role in the regulation of specific stages of autophagy, as well as SQSTM1/p62 protein degradation are also hallmarks signing the activation of the autophagic process. [23] [24] [25] [30] [31] [32] [33] The aim of the present study was to assess to what extent substrate binding, ingestion and degradation stages during homeostatic phagocytosis may be tissue-specific. For this purpose, we developed a chimerical phagocytosis model whereby Sertoli cell primary cultures were exposed to PS-exposing membranes derived from either the testis (legitimate substrates: RB) or from the retina (illegitimate substrates: POS). The present study provides insights into MERTK-mediated RB phagocytosis by Sertoli cells and establishes that the early phagocytosis stages (substrate recognition-binding and ingestion) occur similarly whether Sertoli cell primary cultures are exposed to legitimate (RB) or illegitimate (POS) substrates. However, in the course of our study, we observed that Sertoli cell cultures mobilize their autophagic machinery for the degradation of only ingested retina-derived substrates (illegitimate) but not of ingested testisderived (legitimate) substrates, providing thereby the first evidence, to our knowledge, for cooperation between phagocytosis and autophagy machineries for the management of ingested substrates by nonprofessional phagocytes.
Results

Phagocytosis of both legitimate and illegitimate substrates by
Sertoli cells is associated with MERTK phosphorylation. Using a specific assay that discriminates between the binding and the ingestion stages of phagocytosis, 34 we analyzed the interaction of both RB (legitimate) and POS (illegitimate) substrates with Sertoli cell cultures and quantified the phagocytosis rate. Following exposure of Sertoli cell cultures to either RB or POS, both substrate types were bound to, and ingested by, Sertoli cells. The number of POS bound to, and ingested by, Sertoli cells was the lumen and shed the excess of their cytoplasm surrounded by membranes generating thereby vesicles termed residual bodies (RB). 3 In the testis, epithelial Sertoli cells ensure RB and apoptotic germ cell clearance acting thereby as nonprofessional phagocytes. 3 Homeostatic phagocytosis in the retina is ensured by retinal pigmented epithelium cells which act as nonprofessional phagocytes. 4 Retinal pigmented epithelium cells enable the clearance of shed tips from photoreceptors termed photoreceptor outer segments (POS) that are generated daily during photoreceptor cell renewal. 4 RB or POS tips, that are respectively detached from either living nonapoptotic germ cells or from photoreceptor cells, are phosphatidylserine (PS)-exposing membranes as evidenced by their strong binding to ANXA5/annexin A5. 5, 6 The phagocytic process involves substrate binding, ingestion and degradation by phagocytes. 7 Using specific receptors, phagocytes recognize and bind specific "eat-me" signals appearing on apoptotic cell surfaces, among which externalized PS is the best characterized one.
8 SCARB1/SR-BI and CD36 which belong to the class B scavenger receptors as well as BAI I and the tyrosine kinase receptor MERTK, are implicated in the binding to-and ingestion of-apoptotic substrates by phagocytes. 4, [9] [10] [11] While SCARB1, CD36 and BAI I receptors are believed to interact directly with apoptotic membranes, 9-11 both MERTK ligands, GAS6 and protein S (PROS1), bind via their N-terminus to PS exposed on the outer membrane of apoptotic substrates and by their C-terminus to MERTK receptor, thereby bridging apoptotic substrates to phagocytes. 8, 12 Studies with animal models carrying defects in Mertk gene expression suggest a crucial role of MERTK signaling, and thereby of its ligands GAS6 and PROS1, in both Sertoli cell-and retinal pigmented epithelium-phagocytosis activities and underline the importance of nonprofessional phagocytosis for both the retina and the testis homeostasis.
13,14 Both PROS1 and its structural homolog GAS6 are locally produced by the retina and the testis. [15] [16] [17] The anticoagulant factor, PROS1, has been identified as the major serum-derived factor responsible for serum-stimulated phagocytosis of apoptotic cells. 18 In Mertk knockout mice, phagocytosis of shed tips from photoreceptor outer segments is defective, resulting in retina degeneration and blindness, 13 and Sertoli cells show a reduced phagocytic activity.
14 Studies on various cell lines suggest that MERTK mediate type I and type II phagocytosis response. 19 Phagocytosis type I is realized via pseudopod extensions and depends on RAC1 activation, whereas type II consists of substrates directly sinking into the cytoplasm and is RHOA activation-dependent. 20, 21 Non-muscle myosin II, a molecular motor molecule implicated in MERTK-mediated substrate ingestion into phagocytes, 22 has been recently shown to be also involved in phagophore (the autophagosome precursor) recruitment. 23 Autophagy is a process primarily involved in the degradation of intrinsically originated substrates ensuring thereby organelleand most long-lived protein-intracellular turnover, but it is not typically implicated in the degradation of external substrates entering via phagocytosis. 24, 25 However, some links between phagocytosis and autophagy are suggested by several reports [26] [27] [28] [29] demonstrating that phagocytes may use autophagy for killing immunostaining appears as a uniform punctate pattern throughout the cell. However, in Sertoli cells exposed to either RB or POS, phospho-MERTK clusters colocalized on the sites of contact of RB or POS with Sertoli cells but were more pronounced for POS-than for RB-exposed Sertoli cells (Fig. 3A vs Fig. 3B ). Activated MERTK cannot physically move bound substrates inside cells but, as has been recently demonstrated for retinal pigmented epithelial cells, MERTK signaling induces the recruitment of myosin II in order to move substrates inside phagocytes. 22 Therefore we analyzed changes in myosin II distribution in RBor POS-exposed Sertoli cells. In the absence of either POS or RB, myosin II distributed commonly in the cytoplasm and within cell boundaries (Fig. 3C) . Following Sertoli cell cultures exposure to RB, myosin II redistributed to the sites of contact with RB (Fig. 3C) . Interestingly, when Sertoli cells were exposed to POS, myosin II dramatically reorganized into clumps on the sites of contact with POS (Fig. 3C) .
Myosin II has recently been shown to be implicated in cellular autophagic response. 23 Therefore we explored, in Sertoli cells exposed to either RB or POS, the possible association between myosin II and the autophagosome marker MAP1LC3A-II protein. Immunostaining analysis revealed that following Sertoli cells exposure to POS but not to RB, myosin II clumps colocalize with the autophagosome marker MAP1LC3A-II protein (Fig. 3E) . Co-immunoprecipitation experiments substantiated further the association between MAP1LC3A-II and myosin II following Sertoli cells exposure to POS but not to RB (Fig. 3F) . Myosin II and MAP1LC3A-II were detected in lysates from Sertoli cell cultures exposed to either RB or POS. However, a coimmunoprecipitation of myosin II with MAP1LC3A-II was only observed after 2 h exposure of Sertoli cell cultures to POS but not to RB (Fig. 3F) implying that MAP1LC3A-II clustering and association with myosin rather than changes in MAP1LC3A-II levels are correlated with the activation of autophagy for POS degradation.
A recent study of phagosome protein profiles from professional phagocytes demonstrated that MAP1LC3A-II can also be recruited into phagosomes, 29 suggesting that MAP1LC3A-II may not be totally specific for autophagic vacuoles. Therefore, to ascertain further the implication of autophagy in Sertoli cells degradation of POS, we explored the presence of double-membrane wrapping around ingested POS.
Autophagic degradation occurs specifically for illegitimate substrates. Using electron microscopy analysis, we tracked both RB and POS fate following their ingestion by Sertoli cells. Figure  4A depicts successive steps of RB degradation by Sertoli cells. Consistently with previous reports, 3 these steps consist of a succession of newly ingested non-degraded RB, phagocytic vacuoles containing partly degraded RB with electronically dense inclusions, and then late vacuoles filled with electronically dense RB degradation remnants. No morphological abnormalities or signs of autophagy were detected in Sertoli cells during RB phagocytosis. Furthermore, in Sertoli cells exposed to RB, MAP1LC3A-II immunostaining distributed homogenously throughout Sertoli cell cytoplasm and did not colocalize or cluster with ingested RB (Fig. 5B) .
higher than that of RB (Fig. 1A-C) , even though the same relative amount of both types of PS-exposing substrates was used (10:1 ratio POS or RB/per Sertoli cell). Since MERTK receptor tyrosine kinase activation is known to mediate substrate ingestion, we next analyzed MERTK phosphorylation in Sertoli cell cultures exposed to either RB or POS. Western blotting analysis revealed that MERTK is phosphorylated in both POS-and RB-exposed Sertoli cell cultures (Fig. 1B) . MERTK phosphorylation induced by POS occurred earlier and was more pronounced than that induced by RB (Fig. 1B) . Whereas ANXA5 completely abolished Sertoli cell phagocytic activity toward POS, indicating that PS is a major recognition site in this process, it only partially blocked Sertoli cell phagocytic activity toward RB (Fig. 1D) , suggesting that apart from PS, other recognition sites may be involved in this process. The MERTK ligand, PROS1, stimulated both RB and POS binding to Sertoli cells and substantially increased the ingestion rate of RB but not that of POS (Fig. 1C) . The discrepancies in Sertoli cell phagocytic activity toward either RB or POS, with regard to its regulation by either PS or PROS1, may reflect the involvement of distinctive mechanisms in legitimate (RB) and illegitimate (POS) substrate phagocytosis.
Sertoli cells use type I phagocytosis to ingest both legitimate and illegitimate substrates. Electron microscopy analysis revealed that Sertoli cell cultures extend pseudopods, protruding from plasma membrane to engulf RB ( Fig. 2A) . Similarly, piles of POS membrane discs are also enclosed into Sertoli cell phagocytic cup formed by pseudopods (Fig. 2B) , suggesting that the ingestion of either POS or RB occurs through type I phagocytosis. Since actin reorganization, driven by small GTPase RAC1, is a marker of phagocytosis of type I, 20 we next analyzed by immunostaining RAC1 activation following Sertoli cell exposure to either RB or POS. In the absence of substrates, a weak activated-RAC1 immunostaining was distributed throughout Sertoli cells ( Fig. 2D-F) . However, when Sertoli cell cultures were exposed to either legitimate (RB) or illegitimate (POS) substrates, activated-RAC1 immunostaining was re-distributed, forming ruffles around RB or POS ( Fig. 2D-F) . Pull-down assays revealed that RAC1 relative activity in Sertoli cells was over 2-fold higher following their exposure to POS than to RB (Fig. 2H) , which is in agreement with our data on phagocytosis rate (Fig. 1C) . Confocal microscopy slicing analysis (Fig. 2G) together with RAC1-GTP pull-down assay (Fig. 2H) , confirmed that activated RAC1 signals belong to Sertoli cells and not to either POS or RB. Therefore, exposure of Sertoli cells to either type of substrates (RB or POS) resulted in their engulfment by pseudopods concomitantly with small GTPase RAC1 activation.
During professional phagocytosis, phagocytic cups, containing engulfed substrates, co-localize with activated phagocytosis receptors which cluster on the surface of phagocytic cups. 35, 36 Therefore we next investigated activated MERTK distribution in either POS-or RB-exposed Sertoli cells.
Phagocytosis by Sertoli cells of illegitimate substrates results in the clustering of phosphorylated MERTK with myosin II and of MAP1LC3A-II. Figure 3B shows that in untreated (control condition) Sertoli cell cultures, phospho-MERTK In most Sertoli cell cultures exposed to POS, cytoplasm comprised large vacuoles containing both intact and partly degraded rhodopsin positive elements corresponding to POS discs ( Fig. 4B-I ). POS-containing vacuoles were separated from cytoplasm by a double membrane ( Fig. 4F -H, J and K), a hallmark signifying the recruitment of autophagy for POS degradation. Progression of POS degradation inside the vacuoles after fusion with lysosomes, resulted in the formation of electron-dense material and gradual disappearance of double membranes ( Fig. 4B and H-I) . The average size of vacuoles filled with POS was about 3 μm ( Fig. 4B and D) . Some large double-membrane vacuoles were surrounded by small lamellar vacuoles (Fig. 4H, asterisks) . Despite the presence of numerous autophagic vacuoles, Sertoli cell nuclei, cytoplasm and organelles seemed well preserved and showed no sign of decay.
Co-immunostaining of Rhodopsin, a specific marker for photoreceptors, with MAP1LC3A-II revealed MAP1LC3A-II mobilization around large POS particles within Sertoli cell cytoplasm and the presence of small Rhodopsinpositive vacuoles (Fig. 5A) . Interestingly, these features were not observed when Sertoli cell cultures were exposed to RB (Fig. 5B) . POS are larger substrates than RB which are about 1 μm diameter. 3 Intact POS are described for rodents at about 25 μm in length and 2.5 μm in width. 37 As described in the method section, during their isolation, most POS are partly fragmented, leading to particles of 3-to 7-μm diameter as estimated from our microscope observations. Therefore, with an aim to investigate if substrate size could possibly induce (A and B) , eM images showing engulfment of either RB (A) or POs (B) via pseudopod protrusions as indicated by the arrows. in (C-F), immunostaining and confocal microscopy analysis of RAc1 activation (GTP-RAc1 staining) in either untreated sertoli cells or in sertoli cells exposed to either RB or POs, in (C), transmission pictures were merged with DAPi stained nuclei (blue), in (D) with GTP-RAc1 staining (red), in (E) with both DAPi staining and (blue) and GTP-RAc1 or in (F) dark-field of DAPi staining (blue) and GTP-RAc1. in (G), confocal microscopy slicing of GTP-RAc1 staining of sertoli cells exposed to either RB or POs. in (H), a graph representing fold increase of RAc1 activation in sertoli cells either not exposed to-or after 2 h exposure to either POs or RB. Abbreviations: m, mitochondrion; n, nucleus; v, degradative vacuole. scale bars: (A and B) 1 μm; (C-F) 5 μm.
clumps in each case. Both small and large PS-coated beads were bound to, (Fig. 5C ) and ingested by, Sertoli cells (Fig. 5D) . Exposure of Sertoli cells to either small or large PS-coated beads induced in both cases the formation of myosin-II clumps (Fig. 5C ) but did not lead in either cases to MAP1LC3A-II two different types of degradation, we exposed Sertoli cell cultures to PS-coated polystyrene beads of either 1 μm (similar to RB size) or 5 μm diameter (similar to the average fragments of POS preparations) and monitored substrate binding, ingestion, MAP1LC3A-II clustering and the formation of myosin-II Exposure of Sertoli cells to bafilomycin A 1 leads to a clear inhibition of SQSTM1 degradation in POS-exposed Sertoli cells (Fig. 6A) and to an accumulation of MAP1LC3A-II clusters (Fig. 6B) . The accumulation of SQSTM1 has been also detected in POS-exposed TM4 murine Sertoli cell line after silencing of Atg5, confirming autophagy implication in illegitimate substrate management (Fig. 6C) . Conversely, microscopy analysis clustering (Fig. 5C ) or double-membrane formation (Fig. 5D) around ingested beads.
To substantiate further the recruitment of autophagy for POS management, we investigated, in Sertoli cells exposed to either POS or RB, possible changes in the expression level of the autophagy protein markers ATG5, ATG9 and BECN1. [23] [24] [25] [30] [31] [32] [33] Figure 5E shows that exposure of Sertoli cells to POS but not to RB induced a substantial increase in the expression of the three autophagy markers studied and particularly of BECN1. Furthermore, since the degradation of SQSTM1 protein specifically reflects the activation of the autophagy proteolysis process, 24, 30 we also showed (Fig. 5F ) that the level of SQSTM1 substantially decreased only in POS-exposed but not in RB-exposed Sertoli cells. To further assess the implication of autophagy in illegitimate substrate management, we measured autophagic flux in POS-exposed Sertoli cell cultures, pretreated with bafilomycin A 1 , which blocks the fusion of MAP1LC3A-II containing autophagosomes and lysosomes and inhibits their acidification.
38 Figure 3 (See opposite page) . Analysis of changes in phospho-MeRTK, MAP1Lc3A-ii and myosin ii distribution in RB-or POs-exposed sertoli cell cultures. sertoli cell cultures either untreated or exposed to either POs or RB were stained for phospho-MeRTK (green) (B) and myosin ii (red) (C), in (D) merged images for phospho-MeRTK and myosin ii staining. DAPi stained nuclei are in blue. in the absence of POs and RB, phospho-MeRTK distributes homogenously throughout sertoli cell and myosin ii distributed commonly in the cytoplasm and within cell boundaries. Within 2 h of sertoli cell culture exposure to either RB or POs, phospho-MeRTK redistributes forming clusters (B, arrowheads). While in RB-exposed sertoli cells both peripheral myosin ii and myosin ii clumps are detected, in POs-exposed sertoli cells only myosin ii clumps but no peripheral myosin ii were detected (C, arrows). (D) shows phospho-MeRTK clusters and myosin ii clumps that colocalize on the site of sertoli cell contact with either RB or POs. (E) shows colocalization of MAP1Lc3A-ii with myosin ii in POs-exposed but not RB-exposed sertoli cell cultures. No clustering of MAP1Lc3A-ii was observed in control untreated sertoli cells. scale bar: 5 μm. (F) Depicts western blotting analysis of total cell lysates or MAP1Lc3A-immunoprecipitated cell lysates showing that the co-immunoprecipitation of myosin ii with MAP1Lc3A occurs only in POs-exposed but not in RB-exposed sertoli cell. of POS-exposed TM4 cells after Atg5 siRNA silencing, revealed the accumulation of POS fragments and the measurement of the phagocytosis index showed a significant increase of total number (bound + injested) of POS fragments in TM4 cells after Atg5 siRNA silencing (Fig. 6D) . Altogether, these data imply that Sertoli cells recruit autophagy for the management of ingested illegitimate (POS) but not legitimate (RB) substrates.
Discussion
In contrast to the phagocytosis degradation pathway, autophagy is a process classically used to eliminate a cell's own components, and rarely ingested substrates. 24 However, some links between phagocytosis and autophagy are suggested by several reports. [26] [27] [28] [29] Some phagocytes may use autophagy for killing invading bacteria [26] [27] [28] and many similarities between protein profiles of phagosomes and autophagosomes have been reported. 24, 29 MAP1LC3A-II recruitment into phagosomes, but not the formation of double-membrane structures, has been reported in macrophages for Toll-like receptor signaling. 27 Furthermore, electroporated latex beads incorporated into HeLa cells show double-membrane wrapping 39 but this process may not be considered as phagocytosis, HeLa cells being unable to trigger phagocytosis by themselves. The chimerical phagocytosis model we describe in the present report establishes, for the first time to our knowledge, the recruitment by Sertoli cells of autophagy for the management of ingested cell-derived substrates. The ingestion by Sertoli cells of POS (illegitimate substrates) but not of RB (legitimate substrates) triggered autophagy, as evidenced by the formation of double-membrane wrapping, MAP1LC3A-II activation, SQSTM1 degradation and by the changes in ATG5, ATG9 and BECN1 protein expression profiles.
Earlier studies have established a different type of cooperation between autophagy and phagocytosis during embryonic development. 32, 33 Indeed, atg5 −/− and becn1 −/− mice display an increased number of apoptotic cells during embryonic development, resulting in a substantial decrease in phagocytosis, probably through the inhibition of PS exposure 32, 33 suggesting that autophagy may initiate the processes of generating PS-exposing substrates. In the present report, we showed that phagocytosis of a specific type of PS-exposing substrates (POS) triggers autophagy, supporting thereby a novel type of cooperation between phagocytosis and autophagy. While the role of PS in such cooperation is of importance, 32 ,33 study of Sertoli cell response to different types of PS-exposing substrates (RB, POS, PS-coated 1-and 5-μm polystyrene beads) suggests that PS exposure per se is not sufficient to induce the autophagic response, suggesting that other molecular patterns on the surface of illegitimate substrates may be responsible for the triggering of autophagy. Figure 5 . Activation of MAP1Lc3A-ii, in POs-exposed sertoli cells. in (A), POsexposed sertoli cells show large (arrow) and small (asterisks) vacuoles, which are immunoreactive for Rhodopsin and for MAP1Lc3A-ii (merge, boxed area). in (B), for RB-exposed sertoli cells, MAP1Lc3A immunostaining distributes homogenously throughout cell cytoplasm and does not colocalize with RB (arrows). in (C), transmission pictures of sertoli cells exposed to Ps-coated polystyrene beads (unstained) merged with DAPi (blue) stained nuclei, showing that both 1 μm and 5 μm diameter particles bind to-and are ingested by-sertoli cell. sertoli cell exposure to beads of either sizes, induces myosin-ii clumping (arrowheads) but not MAP1Lc3A-clustering. in (D), eM images showing that both 1 μm and 5 μm diameter particles were ingested by sertoli cells but did not lead in either cases to double-membrane formation. in (E), western blotting analysis of changes in the expression level of BecN1, ATG5 and ATG9 in sertoli cells exposed to either POs or RB as compared with control sertoli cells not exposed to either substrates. in (F), western blotting analysis of a time-course of sQsTM1 protein degradation in sertoli cells exposed to either POs or RB. scale bar: (A-C) 5 μm.
POS to-but leads to a complete inhibition of their ingestion by retina pigmented epithelium. 41 Sertoli cells phagocytosis has been previously studied using either latex beads or apoptotic germ cells as PS-exposing substrates. [9] [10] [11] 14, 34 At the end of the spermiation process, germ cells shed the excess of their cytoplasm Electron microscopy analysis revealed that POS but not RB ingested by Sertoli cells, were found inside double-membrane limited vacuoles which further mature into single-membrane-limited autolysosomes ( Fig. 4B and F-K) and suggested the use of at least two modes for the autophagic degradation of POS. The first mode occurs after the delivery of small portions of POS membranes from large autophagic vacuoles into small MAP1LC3A-II-sealed membranes, which further fuse with lysosomes as illustrated by the combined interpretation of Figure 4H (EM analysis) and Figure 5A (MAP1LC3A-II clustering). Interestingly, this process seems to be similar to that described for autophagic degradation of lipid droplets. 40 The second mode seems to occur when the newly ingested POS are directly conveyed into the cavities of mature single-membrane-limited autolysosomes, escaping the step of inclusion into early autophagosomal (double-membrane) vesicles (Fig. 4I) . To our knowledge, this second mode had not been described previously. The high rate of autophagy turnover observed for POS management suggests that once the degradation process in autolysosomes is activated, POS degradation seems to occur rapidly which may explain why the number of ingested POS in Sertoli cell cytoplasm is not increased by the MERTK ligand, PROS1 (Fig. 1C) . Conversely, the ingestion of RB by Sertoli cells, which does not seem to trigger autophagy, was increased by PROS1 (Fig. 1C) .
Both Sertoli and retinal pigmented epithelium cells share a set of receptors involved in the recognition of PS-exposing substrates, including MERTK, which is of major importance for POS phagocytosis by retinal pigmented epithelium cells. 41 Studies with animal models and cell cultures reveal that the invalidation of MERTK does not affect the binding of Figure 6 . Bafilomycin A 1 and Atg5 silencing modify sertoli cell response to POs exposure. in (A), western blot analysis of sQsTM1 protein levels in primary sertoli cell culture preparations exposed to either POs, bafilomycin A 1 or a combination of these . in (B), Rhodopsin (POs) and MAP1Lc3A-ii immunostaining (clustering) in POs-exposed sertoli cell cultures in the absence (upper panel) or presence (lower panel) of bafilomycin A 1 . in (C), western blotting analysis depicting changes in sQsTM1, ATG5 and actin levels in POs-exposed murine sertoli cell line (TM4) in the presence of either the transfection agent (vehicle) or that were transected with scrambled siRNA (scr siRNA) or Atg5 siRNA. in (D), rhodopsin distribution in murine sertoli cell line (TM4) after 2 h exposure to POs in either scrambled siRNA-or Atg5siRNA-transfected cells. in (E), phagocytosis index of total POs (bound + ingested) after 2 h exposure of murine TM4 sertoli cell line that were either untreated (NT) or exposed to transfection agent (vehicle) or transfected with either a scrambled siRNA (scr RNA) or with Atg5 siRNA.
myosin II clumps, which also redistributed in the cell surface, suggesting thereby an association between phagocytosis substrates (RB or POS), activated phagocytosis-mediated receptors (MERTK) and actin motor molecules (non-muscle myosin II) to drive substrate ingestion by Sertoli cells (Fig. 3A-D) . Myosin II may also be involved in autophagosome formation 23 and drives autophagy by mediating the transport of transmembrane protein ATG9 which is thought to provide a membrane source to autophagosome formation. 31 Conversely, our study reveals that myosin II, recruited in response to MERTK activation, colocalized and co-immunoprecipitated with the autophagosome membrane marker MAP1LC3A-II when Sertoli cells were exposed to POS, but not to RB (Fig. 3E and F) .
In Sertoli cells, autophagic vacuoles have been described in pathological situations induced by exposure to several toxic substances. [49] [50] [51] Autophagic proteolysis is stimulated by glucagon, oxidative stress, hyperosmotic exposure or deprivation of amino acids. 52, 53 Depending on the context, autophagy can serve as a cell survival pathway or may lead to cell death either in collaboration with apoptosis or as a backup mechanism when the former is defective. 54 Our electron microscopy observations of nuclei (Fig. 4) revealed that activation of autophagy following Sertoli cell cultures exposure to POS did not lead to Sertoli cell death, suggesting that it rather represents a cell survival mechanism similar to that triggered following Sertoli cell exposure to toxic substrates. [49] [50] [51] However, we cannot exclude that the autophagic response following Sertoli cell exposure to POS might be unrelated to a putative POS toxicity. The remarkable similarities in the composition of retina and testis in polyunsaturated fatty acids and vitamin A [55] [56] [57] [58] [59] [60] [61] may explain why Sertoli cells recognize ingested POS as their own components and trigger autophagy to eliminate them.
Materials and Methods
Pharmacological reagents. Collagenase II-S (Sigma-Aldrich, C1764), bovine serum albumin (Sigma-Aldrich, A9647), biotinamidocaproate N-hydroxysuccinimide-ester (Sigma-Aldrich, B3295), tetramethylrhodamine isothiocyanate-avidin conjugates (Sigma-Aldrich, 87918), and Dulbecco modified Eagle's medium (DMEM) (Sigma-Aldrich, D5796), protein S (Enzyme Research Laboratories, HPS), 1,2-Diacyl-sn-glycero-3-phosphol-serine (Sigma-Aldrich, P7769), 1 μm and 5 μm polystyrene microparticles (Sigma-Aldrich, 89904-F and 79633-F) were used in cell culture and phagocytosis experiments. The polyclonal rabbit primary antibodies used were: anti-MAP1LC3A/LC3 (MBL international Corporation, PM 036); anti-phospho-MERTK (FabGennix International Inc., PMKT-140AP); anti-BECN1/ Beclin 1 (Sigma-Aldrich, PRS3611); anti-ATG5 (Sigma-Aldrich, A0731); anti-ATG9 (Sigma-Aldrich, A0732); anti-SQSTM1/p62 (Abnova, PAB-16850) and anti-actin which recognizes all actin forms referred to as total actin (Sigma-Aldrich, A2066). The monoclonal mouse antibodies used were anti-activated RAC1 (New East Biosciences, 2693); anti-RAC1 (BD Biosciences, 610650); anti-non-muscle heavy chain myosin (AbCam, ab684). The other antibodies used were: goat polyclonal anti-MERTK (Santa-Cruz Biotechnology, sc-14141); secondary anti-rabbit surrounded by membranes eliminated as RB and enter the lumen.
2,3 Therefore, RB and germ cells may represent physiological substrates for Sertoli cells. A defect of Sertoli cells phagocytosis toward RB or apoptotic germ cells may lead to occlusion of seminiferous tubules lumen and subsequently to male infertility, as reported for triple knockout mice for Tyro3-/Axl-Mertk. 15 For Sertoli cells, MERTK was shown to stimulate substrate binding and apoptotic germ cell phagocytosis.
14 PROS1 is expressed in the testis 42, 43 but its putative functions and particularly its ability to regulate homeostatic phagocytosis within the testis remained uninvestigated. The present report not only sheds light on Sertoli cell phagocytic activity toward RB, confirming an important role of MERTK in mediating RB phagocytosis by Sertoli cells (Fig. 1B) , but it also establishes, for the first time to our knowledge, that its ligand PROS1, stimulates Sertoli cell phagocytosis (Fig. 1C) .
The fact that ANXA5 did not abolish RB binding to Sertoli cells suggests that apart from PS, other recognition sites are involved in Sertoli cell interaction with RB (Fig. 1D) . This hypothesis is in agreement with the concept of the redundancy and the cooperation of phagocytic receptors implicated in the maintenance of tissue homeostasis under physiological conditions. 44 To the contrary, ANXA5 completely blocked the ingestion of illegitimate substrates (POS) by Sertoli cells, suggesting thereby that PS is the major recognition site for POS, which may explain both the major role of MERTK in retinal pigmented epithelium phagocytosis toward POS 41 and the higher degree of RAC1 activation and myosin II redistribution observed following Sertoli cells exposure to POS as compared with RB ( Fig. 2D and  G; Fig. 3A-D) . Despite these quantitative differences in their behavior toward RB or POS, Sertoli cells show the same type of primary response to either RB or POS as they trigger type I phagocytosis to ingest either substrates as evidenced by pseudopod protrusion ( Fig. 2A and B) , corroborating thereby earlier observations on RB ingestion by Sertoli cells. 45 In professional phagocytes, actin-mediated pseudopod formation is driven by small GTPases RAC1 and CDC42. 20, 21 Exposure of Sertoli cell cultures to artificial substrates such as PS-containing liposomes or PS-coated latex beads leads to actin-rich structure formation and to RAC1 activation. 46 SiRNA-mediated inhibition of RAC1 expression, reduces phagocytic capacity of TM4 Sertoli cell line toward apoptotic germ cells. 46 Moreover, mice deficient for ELMO1 protein, a guanine nucleotide exchange factor for RAC1, show a striking testicular pathology with disruption of seminiferous epithelium, filled with uncleared apoptotic germ cells 11 as well as impaired neurogenesis with an accumulation of apoptotic cells in the neurogenic niches. 47 In the present study, we demonstrate that exposure of Sertoli cell cultures to either RB or POS, leads to RAC1 activation and to the recruitment of myosin II to the sites of substrate ingestion, suggesting thereby that similar mechanisms are involved in the ingestion of either substrate types.
Myosin II is recruited in FCGR-mediated type I phagocytosis through a RAC1-independent pathway 48 and is also responsible, in a MERTK-dependent manner, for driving POS into retinal pigmented epithelium cytoplasm. 22 In line with these findings, we report that phospho-MERTK clusters colocalized with and then biotin from stock solution (10 mg/ml in DMSO) was added to a final concentration of 50 μg/ml. After 15 min of incubation at 20°C, 10 mM NH 4 Cl was added to stop the reaction. Biotin-labeled RB or POS were washed twice, suspended in DMEMSC, and counted.
Polystyrene beads PS-coating. Fifteen microliters of 0.1 M chloroform solution of PS was added to 1 ml of PBS and sonicated on ice to form the micelles. Then 1-μm or 5-μm polystyrene microparticles were added (final concentration 15 × 10 7 /ml), incubated 5 min on ice and the mixture was sonicated again. The micro particles were sedimented by rapid centrifugation, washed twice and stored under nitrogen at −20°C.
Phagocytosis assay. Phagocytosis by Sertoli cells was measured, using a specific assay that discriminates between bound and ingested phagocytosis substrates as previously described. 34 Primary Sertoli cells seeded in eight-well Labtek chamber were incubated with either RB or POS for 2 to 4 h (time corresponding to the linear phagocytosis kinetic) as described, 34 at 34°C in a humidified atmosphere of 5% CO 2 . The ratio of Sertoli cells/phagocytosis substrates was 1/10. When analyzing the effect of PROS1, 200 nM of PROS1 was added in culture media just before the addition of RB or POS. Unbound RB or POS were washed away with DMEMSC, and cells were fixed for 5 min with 4% paraformaldehyde/PBS (pH 7.4). To distinguish ingested and plasma membrane-bound substrates, samples were divided into two groups, each in duplicate wells. Group 1 was permeabilized with 0.5% Triton X-100 (Sigma Aldrich, P6148)/PBS for 5 min, and group 2 remained unpermeabilized. RB or POS were labeled with avidin-TRITC for 1 h at 25°C. Then, nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI) (Sigma Aldrich, 32670) for 5 min at 25°C. The total area spreading by RB or POS (plasma membrane bound + ingested) was obtained from group 1, and the area spreading by plasma membrane-bound RB or POS was obtained from group 2. The area spreading by ingested substrates was obtained by subtracting the area of plasma membrane-bound particles from total area of particles bound and ingested by Sertoli cells. The area of RB and POS and the number of nuclei were counted using Mac Biophotonic Image J software. The phagocytic index was calculated as the ratio of RB or POS area/nuclei number, in each well. Statistical analysis was done using two-way ANOVA followed by Bonferroni post-hoc test.
Immunocytochemistry. MAP1LC3A, myosin II, phospho-MERTK, RAC1 and activated-RAC1 immunocytochemistry was performed on fixed Sertoli cells in Labteck chamber slides. After 5 min of fixation with freshly prepared paraformaldehyde/ PBS (pH 7.4), Sertoli cells were permeabilized for 5 min with 0.5% Triton X-100/PBS and incubated with primary antibodies in 1%BSA /PBS; the dilution of antibodies was as follow 1:500 for anti-MAP1LC3A and 1:250 for phospho-MERTK, myosin II, RAC1 and activated-RAC1. The dilution of the secondary antibodies was 1:500 in 1% BSA in PBS. Labteck slides were observed under an inverted microscope DMT 6000 Leica (Leica Microsystems). The pictures were taken using a DFC350FX camera (Leica Microsystems).
Confocal microscopy. In some cases, samples were examined by confocal laser scanning microscopy using a confocal FV-1000 (Santa-Cruz Biotechnology, sc-2004) and secondary anti-goat (Santa-Cruz Biotechnology, sc-2020) antibodies conjugated to horseradish peroxidase, anti-rabbit and anti-mouse antibodies conjugated to Alexa-594 (Invitrogen, A11012) or Alexa-488 (Invitrogen, A11008).
Primary cultures of Sertoli cells. Sertoli cells were isolated from the testes of 19 d-old Wistar rats. Animals were handled and all experimental procedures were performed in accordance with the guidelines of the French Agriculture and Forestry Ministry (decree 87849) and of the European Communities Council Directive (86/609/EEC). Sertoli cells were seeded in DMEM complemented with penicillin/streptomycin (Lonza, 17-602E), glutamine (Invitrogen, 25030-024), retinol (SigmaAldrich, R7632), fungizone (Sigma-Aldrich, A2942), and vitamin E (Sigma-Aldrich, T3251) referred to as DMEMSC as previously reported. 34 Sertoli cells were plated in 24-or 12-well dishes seeded with 3 × 10 5 or 6 × 10 5 cells per well, respectively or in eight-well Labtek chamber slides seeded with 15 × 10 4 cells per well. On average, our Sertoli cell cultures were 90% pure. 62 All assays were performed 48 h after initial cell seeding.
Purification of residual bodies. RB were isolated from the testes of adult male Wistar rats as previously described, 34 with some modifications. Testis contents from 2-to 3-mo old rats were gently recovered through an incision in the tunica albuginea and suspended in 25 ml of 0.01 M PBS (pH 7.2) containing 0.1% glucose, 3 mM lactate (PBSGL), and were incubated with collagenase II-S (12.5 mg in 25 ml of PBSGL) for 10 min at 33°C in a shacked water bath (150 rpm). The dispersed seminiferous tubules were allowed to sediment for 3 to 4 min, and the supernatant was decanted. This process was repeated three times. The seminiferous tubules were then incubated in 25 ml PBSGL containing 250 μg/ml trypsin (Sigma Aldrich, T4549) for 20 min at 33°C, and then cells were dispersed by gentle pipetting. The cell suspension was filtered through sterile surgical gauze and cells were pelted by centrifugation at 800 g for 10 min, washed twice, and resuspended in 40 ml PBSGL supplemented with 100 μg/ml streptomycin (Sigma Aldrich, S6501) and 2.5 μg/ml fungizone. Cell suspension was pelleted at 200 g for 3 min. Supernatants were collected gently by pipetting and were pelted twice at 200 g for 3 min. The resulting suspension containing RB and germ cells was allowed to sediment overnight at 4°C and was centrifuged at 800 g for 10 min. The pellet containing mixed germ cells and RB was discarded and the supernatant was centrifuged again at 800 g for 30 min. RB were used as phagocytosis substrates, either biotinylated or nonbiotinylated, and were stored at 4°C for less than 2 weeks. The quality of RB preparations was monitored by cresyl violet staining and microscopic observation as previously described.
34
Photoreceptor rod outer-segment purification. POS were isolated from the freshly enucleated eyes of 1 to 3 mo-old Wistar rats as described. 63 Isolated POS were suspended in DMEMSC media, counted and immediately used in phagocytosis studies.
Biotin labeling. Biotin labeling was performed essentially according to Meier et al. 64 Briefly, RB or POS were transferred into labeling buffer (10 mM Na-borate pH 8.8, 150 mM NaCl), with a specific antibody in TBS-Tween. Following three washes with TBS-Tween, membranes were incubated for 1 h at 4°C with anti-mouse immunoglobulin-HRP-linked whole antibody from sheep, 1:5000 (GE Healthcare, NXA931). The membranes were washed three times for 5 min per wash with PBS-Tween, and bound antibodies were detected using chemiluminescence system ECL plus (GE Healthcare, RPN2132). For both phosphorylated and total MERTK studies, extracts were obtained from 600,000 Sertoli cells after treatment with RB or POS. Cells were washed with cold PBS, and lysed in Laemmli sample buffer. Protease inhibitor cocktail (Roche Applied Science, 11697498001) and Phosphatase inhibitor cocktail (Roche Applied Science, 04906845001) were used respectively to block proteolytic and phosphatase activities. Proteins were quantified by Lowry's method and separated on 8% SDS-polyacrylamide gels, then transferred (2 h, 70 V) to nitrocellulose membranes (0.20 mm pore). Blots were blocked for 2 h in TBS-Tween containing 5% (w/v) BSA. Blots were incubated with anti-MERTK (1/500) or anti-phospho-MERTK (1/1000) antibodies in blocking buffer at 4°C overnight. Membranes were then incubated with peroxidase-conjugated anti-rabbit (1/80,000) and anti-goat (1/8000) antibody in blocking buffer for 1 h at room temperature. Immunoblots were developed with chemiluminescence system ECL plus as above.
Immunoprecipitation assay. Cell lysates were obtained from 3 × 10 6 Sertoli cells. Cells were washed twice in PBS and then lysed in 1 ml of NET (Tris Hcl, 50 mM, EDTA 5 mM, NaCl 15 mM, NP-40 0.05%) buffer. DNA and F-actin aggregates were disrupted by sonification. The lysate was then clarified by centrifugation at 15,000 g for 15 min at 4°C. One ml of the supernatant was incubated overnight with first antibody at 4°C with continuous agitation. For immunoprecipitation, 2 μg of MAP1LC3A antibody were used. To precipitate the immune complexes, incubation with 30 μl of protein A-Sepharose (GE Healthcare, 17-0780-01) was conducted for 1 h at 4°C. Bead-bound complexes were washed four times with cold lysis buffer then boiled in Laemmli sample buffer and loaded onto an SDS-PAGE apparatus. After western blotting, specific antibodies (anti-myosin II or anti-MAP1LC3A 1/1000) were incubated for 1 h at 4°C, followed by secondary antibody (anti-mouse) incubation for 1 h at 4°C. Myosin II or MAP1LC3A revelation was obtained using ECL plus chemiluminescence system. Small interfering RNA silencing and autophagy flux assay. To inhibit Atg5 gene expression, siRNA silencing was performed on a murine TM4 Sertoli cell line. Cells plated at a density of 1 × 10 6 in 6-well plates in DMEM containing 10% serum, were transfected with 5 nM ATG5 (Dharmacon, 11793) or a cell nontargeting siRNA (Dharmacon, D-001910) using Dharmafect-1 transfection reagent (Dharmacon, T-2001) as recommended by the manufacturer. Cells were used 36 h post siRNA transfection and used for either western blot analysis and phagocytosis assay as described above or for autophagy flux assay and immunostaining. Autophagy flux assay was performed as described. 65 Bafilomycin A 1 (Sigma, B1793) was used at 50 nM to inhibit autophoagy in murine TM4 Sertoli cell line under various conditions. station installed on an inverted microscope IX-81 (Olympus). Multiple fluorescence signals were acquired sequentially to avoid crosstalk between image channels. Fluorophores were excited with 405 nm diode (for DAPI), 488 nm line of an argon laser (for AF488), 543 nm line of a HeNe laser (for AF594). The emitted fluorescence was detected through spectral detection channels between 425 to 475 nm, 500 to 530 nm and 555 to 655 nm, for blue, green and red fluorescence respectively. Maximal resolution was obtained with an Olympus UplanSapo ×60 oil, 1.4 NA, objective lens (Olympus) (800 × 800 pixels, 0.126 μm/ pixel). When necessary, optical sectioning of the specimen (Z series) was driven by a Z-axis stepping motor at 0.4 μm intervals through the entire thickness of the cell and maximum intensity projection was further generated.
Electron microscopy studies. Sertoli cells were fixed overnight at 4°C by immersion in 2.5% glutaraldehyde (Sigma Aldrich, G5882) and 2.5% paraformaldehyde in cacodylate buffer (0.1 M, pH 7.4), washed in cacodylate buffer for further 30 min. The samples were postfixed in 1% osmium tetroxide (Sigma Aldrich, 201030) for 1 h at 4°C. Samples were then dehydrated through graded alcohol and embedded in Epon 812 resin. Ultrathin sections of 70 nm were cut and contrasted with uranyl acetate and lead citrate and examined at 70 kV with a Morgagni 268D electron microscope (FEI). Images were captured digitally by Mega View III camera (FEI).
Activated RAC1 pull-down assay. PGEX-2 T vectors containing the cDNAs of PAK-CRIB (PAK-CD) domain were obtained from JG Collard, Netherlands Cancer Institute, Amsterdam, NL. Recombinant proteins were prepared as glutathione S-transferase fusion proteins in Escherichia coli (BL21 strain), purified using glutathione-sepharose beads (GE Healthcare, 17-5279-01). These recombinant proteins GST-PAK-CD were used to precipitate the GTP form of RAC1.
Affinity binding assay. After treatment with RB or POS, cells were washed twice in cold PBS and then lysed in 1 ml of lysis buffer (TRIS-HCl 50 mM pH 7.4, NaCl 100 mM, MgCl 2 2 mM, 1% NP-40 (w/v), 10% glycerol, PMSF 1 mM, leupeptin 20 mM, aprotinin 0.8 mM, pepstatin 10 mM). Lysates were clarified by centrifugation at 15,000 g for 15 min at 4°C. Total amount of protein in each lysate was measured by BCA kit (Sigma-Aldrich, B9643). 500 μg of total protein was mixed into 50 μl of GSTfusion protein (PAK-CRIB-domain) corresponding to 5 μg of protein bound to glutathione-sepharose beads. Incubation was conducted at 4°C for 1 h. Bead-bound complexes were washed four times in lysis buffer, boiled in Laemmli sample buffer and analyzed by western blotting after SDS-PAGE fractionation. For the PAK-CD assay, the presence of RAC1 was revealed using anti-RAC1 antibodies.
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